Background: Phox/Bem1p domains are universal domains that organize cellular signaling scaffolds. Results: Biophysical analyses reveal driving forces and core residues involved in PB1 interaction. Conclusion: Electrostatic interactions focused around two complementary prongs. Significance: These results provide the first in-depth analysis of the factors driving self-interaction of a type I/II PB1 domain. . 2 The abbreviations used are: Aux/IAA, auxin/indole 3-acetic acid inducible; ARF, auxin response factor; PB1, Phox/Bem1p; ITC, isothermal titration calorimetry; HSQC, heteronuclear single quantum correlation; MOPSO, 3-morpholino-2-hydroxypropanesulfonic acid.
Phox/Bem1p (PB1) domains are universal structural modules that use surfaces of different charge for protein-protein association. In plants, PB1-mediated interactions of auxin response factors (ARF) and auxin/indole 3-acetic acid inducible proteins regulate transcriptional events modulated by the phytohormone auxin. Here we investigate the thermodynamic and structural basis for Arabidopsis thaliana ARF7 PB1 domain selfinteraction. Isothermal titration calorimetry and NMR experiments indicate that key residues on both the basic and acidic faces of the PB1 domain contribute to and organize coordinately to stabilize protein-protein interactions. Calorimetric analysis of ARF7PB1 site-directed mutants defines a twopronged electrostatic interaction. The canonical PB1 interaction between a lysine and a cluster of acidic residues provides one prong with an arginine and a second cluster of acidic residues defining the other prong. Evolutionary conservation of this core recognition feature and other co-varying interface sequences allows for versatile PB1-mediated interactions in auxin signaling.
The phytohormone auxin regulates nearly every aspect of plant growth and development (1) . To date, all studied plants contain indole 3-acetic acid, the most common active auxin, as well as its biosynthetic precursors, inactive forms, and conjugates (2) . Because auxin is the master regulator of plant growth and development, plants defective in auxin production and/or perception display defects in cell division and elongation (3) (4) (5) (6) . Therefore, tight regulation of auxin signaling is necessary to promote correct plant growth and development.
In Arabidopsis thaliana (thale cress), auxin signaling primarily occurs through three protein families: auxin perceiving F-box proteins, auxin/indole 3-acetic acid inducible (Aux/ IAA) 2 repressor proteins, and auxin response factor (ARF) transcription factors (7) . Under low local auxin concentrations, Aux/IAA proteins interact with ARF proteins through two C-terminal regions of homologous amino acid sequence, termed domains III/IV (8, 9) . This protein-protein interaction results in repression of auxin-regulated gene transcription by the ARF protein family (9) . When local auxin levels increase, indole 3-acetic acid serves as the "molecular glue" to form a co-receptor with one of the six auxin perceiving F-box proteins and an Aux/IAA (10) . This interaction results in polyubiquitination and degradation of the Aux/IAA repressor proteins (11) , thus freeing ARF proteins to regulate transcription of target genes. Dimerization of ARF proteins at their N-terminal B3 domain is required for recognition of auxin response elements that control gene expression (12) .
Recent structural studies revealed the presence of a Phox/ Bem1p (PB1) domain that comprises the C-terminal III/IV interaction sequence motif in ARF proteins (13, 14) and Aux/ IAA proteins (15) . PB1 domains are conserved throughout all kingdoms and often confer interaction specificity in highly redundant protein scaffolds to facilitate signaling events (16) . PB1 domains adopt a ubiquitin-like ␤-grasp fold that can present two oppositely charged faces on the protein surface. The positive face bears an invariant lysine residue, and the negative face contains a cluster of aspartate and glutamate residues (DX(D/E)XDX n D) known as the OPCA motif. PB1 domains may possess a negative face (type I), a positive face (type II), or both faces (type I/II) with protein-protein interactions mediated by oriented binding of the negative face of one PB1 domain to the positive face of another PB1 domain protein. Amino acid sequence alignments (17) and structural studies (13) (14) (15) sug-gest that most Arabidopsis ARF and Aux/IAA PB1 domains are type I/II to allow for higher order protein multimerization. In addition, the PB1 domains of ARF and Aux/IAA proteins provides a means for guiding interactions between various members of these protein families to control auxin responses in plants (18) .
Although PB1 domain interactions involve electrostatic pairing of the invariant lysine with the OPCA motif (16) , thermodynamic characterization of PB1-mediated interaction has been limited to determining binding constants (15) . Furthermore, predicted PB1 interface residues show various levels of conservation in both ARF and Aux/IAA, leading to the hypothesis that these residues may provide clues for interaction specificity (13, 15, 18) . To better understand PB1 domain-mediated protein-protein interactions, we used the PB1 domain of Arabidopsis ARF7 to investigate the thermodynamic basis for selfinteraction. Subsequent site-directed mutagenesis of residues forming the interaction interface and isothermal titration calorimetry (ITC) identifies a two-pronged hot spot required for protein-protein interaction. Finally, we investigate the protein dynamics of the ARF7 PB1 domain using NMR spectroscopy.
Our results indicate that electrostatic forces drive PB1 domain binding and identify core interface residues that stabilize protein-protein interaction across the ARF and Aux/IAA protein families.
EXPERIMENTAL PROCEDURES
Construct Generation-The constructs used for bacterial expression of the Arabidopsis ARF7 PB1 domain (Met-1037-Asn-1131) with either the K1042A (ARF7PB1 K1042A ) or D1092A/D1096A (ARF7PB1 opca ) mutations were previously described (13) . Site-directed mutants of residues in the protein interaction interface were generated using the QuikChange Lightning site-directed mutagenesis kit (Agilent) with the appropriate template vector.
Protein Expression and Purification-All constructs were cloned into in Escherichia coli (DE3) Rosetta (Invitrogen) for protein expression. For ITC experiments, cells were grown in Terrific Broth. For three-and two-dimensional-NMR experiments, cells were grown in minimal media supplemented with [ 15 N]ammonium chloride (Sigma) and/or D-[ 13 C 6 ]glucose (Sigma). Proteins were purified as described previously (13) . For ITC experiments, purified protein was dialyzed overnight at 4°C against 25 mM Tris, pH 8.0, 100 mM NaCl, 5% glycerol, and 3 mM 2-mercaptoethanol. For the salt dependence experiments, proteins were dialyzed overnight at 4°C against 25 mM Tris, pH 8.0, 5% glycerol, and 3 mM 2-mercaptoethanol supplemented with 50 -500 mM NaCl. For NMR spectroscopy experiments, size-exclusion chromatography fractions containing purified protein were pooled and dialyzed overnight at 4°C against 25 mM MOPSO, pH 7.0, 100 mM NaCl. Protein concentrations were determined by UV/visible spectroscopy (⑀ 280 nm ϭ 16,560 cm Ϫ1 M Ϫ1 ).
Isothermal Titration Calorimetry-ITC experiments were carried out using a VP-ITC (Malvern) instrument at the temperatures indicated in the figure legends. For all ITC experiments, syringe protein concentration was 100 M, and the cell protein concentration was 10 M. Thermodynamic analysis of ARF7PB1 interaction was performed using titrations of ARF7PB1 K1042A into ARF7PB1 opca and vice versa. Titrations were carried out with the interface alanine mutant in the syringe titrated into either ARF7PB1 K1042A or ARF7PB1 opca . All ITC experiments consisted of 29 consecutive 10-l titrations, each separated by a 600-s interval. The first injection of each experiment was limited to 6 l. Results were analyzed using Origin 7.0 with data fit to a single-site binding model. Values for the change in Gibbs free energy (⌬G) were calculated using ⌬G ϭ ϪRTln(K eq ), where R is the gas constant (1.9872 cal K Ϫ1 mol Ϫ1 ), and T is temperature in Kelvin. Entropy changes (⌬S) were calculated using ⌬G ϭ ⌬H Ϫ T⌬S. K d was calculated as 1/K eq . NMR Spectroscopy-Standard two-dimensional 1 H, 15 N HSQC (19) spectra were collected for ARF7PB1 K1042A , ARF7PB1 opca , and ARF7PB1 K1042A,opca at 30°C on a Bruker Avance III 600 MHz spectrometer equipped with a cryogenic probe. All samples were dissolved in 25 mM MOPSO, pH 7.0, 100 mM NaCl, and 10% D 2 O. Protein concentrations in the three samples were 40, 60, and 445 M for ARF7PB1 K1042A , ARF7PB1 opca , and ARF7PB1 K1042A,opca , respectively. Spectra were acquired using 128 (ARF7PB1 K1042A ), 64 (ARF7PB1 opca ), or 16 (ARF7PB1 K1042A,opca ) scans and 128 ϫ 1024 complex points in t 1 and t 2 , respectively. The NMR data were processed using NMRPipe (20) and analyzed using NMRView (21) . For backbone assignments of ARF7PB1 K1042A,opca , NMR data were collected on a 425 M 13 C, 15 N uniformly labeled sample dissolved in 25 mM MOPSO, pH 7.0, 100 mM NaCl, and 10% D 2 O. Two-dimensional 1 H, 15 N HSQC (22) , three-dimensional-HN-CACB (23), and three-dimensional CBCA(CO)NH (24) experiments were collected at the National Magnetic Resonance Facility at Madison (NMRFAM) on an Agilent DDR spectrometer operating at 900 MHz and equipped with a z axis pulsed field gradient triple-resonance cryogenic probe. The temperature of the sample was regulated at 30°C throughout the experiments. A longitudinal-relaxation-enhanced pulse program (BEST) (25, 26) was used to record the three-dimensional-HN-CACB spectrum with 128 repetitions for each scan and a delay of 0.4 s in between scans. Non-uniform sampling (27) was used to record both three-dimensional HNCACB and three-dimensional CBCA(CO)NH spectra with a sampling rate of 25 and 50%, respectively. The programs istHMS (27) and NMRPipe (20) were used to reconstruct and process three-dimensional NUS data. Processed spectra were analyzed using NMRFAM-Sparky (28) . Backbone assignments were made automatically with the PINE-NMR software (29) and confirmed manually using NMRFAM-Sparky (28) . The HSQC spectra of ARF7PB1 K1042A and ARF7PB1 opca closely resembled that of ARF7PB1 K1042A,opca . Seventy-one backbone peaks in ARF7PB1 K1042A and 60 backbone peaks in ARF7PB1 opca could be directly traced to the corresponding assigned peaks in ARF7PB1 K1042A,opca . These "transferred" assignments were used to analyze results of NMR chemical shift mapping. NMR chemical shift mapping was carried out using 15 N uniformly labeled ARF7PB1 K1042A at 75 M protein concentration mixed with unlabeled ARF7PB1 opca at molar ratios of 1:0, 1:1, 1:2, and 1:3. Reciprocal titrations were performed using 100 M 15 Nlabeled ARF7PB1 opca mixed with unlabeled ARF7PB1 K1042A at 1:0, 1:1, 1:2, and 1:3 molar ratios. Identical two-dimensional-HSQC experiments with 64 scans ( 15 N-ARF7PB1 K1042A ) or 32 scans ( 15 N-ARF7PB1 opca ) and 128 ϫ 2048 complex points were collected at 30°C. Data were processed with NMRPipe and visualized using NMRView.
RESULTS

Thermodynamic Analysis of ARF7 PB1 Domain Interaction-
We performed ITC experiments on the ARF7-ARF7 interaction to examine the thermodynamic basis for ARF7 PB1 domain association. To limit the interaction to dimerization rather than higher order multimerization, we used the ARF7PB1 K1042A and ARF7PB1 D1092A/D1096A(opca) mutants. Each ARF7PB1 variant is monomeric in solution as observed with size-exclusion chromatography, and dimerization occurs upon mixing the two variants (13) . Combination of the two ARF7PB1 variants leads to an oriented interaction of the positive face (Lys-1042) of one PB1 domain with the negative face (OPCA) of the other molecule. Our initial ITC studies revealed that ARF7PB1 K1042A and ARF7PB1 opca interact with a K d ϭ 0.18 M at 25°C ( Fig. 1a ; Table 1 ). Similar results were observed when ARF7PB1 K1042A was titrated into ARF7PB1 opca and when ARF7PB1 opca was titrated into ARF7PB1 K1042A . The observed binding constant for association of ARF7 PB1 domains is comparable to the K d value (0.87 M) determined for ARF5 PB1 domain interaction (15) . The stoichiometry (n ϭ 1.05) of the ARF7PB1 interaction is also consistent with dimer formation, suggesting that we are interrogating a single interaction interface.
Analysis of the temperature dependence of ARF7PB1 interaction by ITC was used to determine the enthalpic (⌬H) and entropic (⌬S) contributions to the free energy of binding (⌬G) ( Fig. 1b ; Table 1 ). The K d values increased ϳ10-fold from 0.06 to 0.63 M with temperature (10 -40°C). The overall modest 0.49-kcal mol Ϫ1 change in ⌬G with increasing temperature results from compensatory changes in the ⌬H and ⌬S of interaction. As temperature increased, the enthalpic contributions to binding decreased, and the entropic component increased. Extrapolation of the specific heat capacity at constant pressure (⌬C p ) from the measured ⌬H values ( Fig. 1b ) yields a ⌬C p ϭ Ϫ110.6 kcal mol Ϫ1 K Ϫ1 , suggesting that the ARF7PB1 interaction is driven primarily by electrostatic interactions (30) . Furthermore, the relatively low magnitude of ⌬C p indicates that association of the ARF7PB1 may not be particularly dynamic; e.g. the domain is largely globular and does not undergo major structural rearrangement upon binding (31) , which is further supported by a linear van't Hoff plot of ARF7PB1 interaction (Fig. 2) .
To test the role of electrostatic interaction on ARF7PB1 interaction, ITC was used to examine the salt dependence of interaction. Binding between ARF7PB1 K1042A and ARF7PB1 opca was analyzed in conditions of increasing ionic strength ( Fig. 1c ; Table 2 ). Changing the NaCl concentration from 50 to 500 mM led to a 17-fold increase in the K d of interaction, consistent with the interaction being driven by electrostatic interactions rather than by hydrophobic effects. In summary, these results indicate that ARF7PB1 self-interaction is energetically favorable with submicromolar affinity and driven by electrostatic forces. Site-directed Mutagenesis of the ARF7 PB1 Domain Interaction Interface-Structural studies of the ARF7 PB1 domain show that oligomer formation is oriented with the basic (Lys-1042) face of one chain packed against the acidic (OPCA) face of another chain ( Fig. 3a) (13) . The interaction interface buries 497 Å 2 of protein surface and places the invariant lysine (Lys-1042 in ARF7) opposite from residues of the OPCA motif (Asp-1092, Glu-1094, and Asp-1096 in ARF7). Analysis of the protein-protein interface using PISA (32) suggests a total of 27 amino acids form contacts across the interaction interface with nine residues specifically contributing either ionic or hydrogen bond interactions (13) . Four of these residues are on the basic face (Thr-1039, Gly-1050, Arg-1051, and Ser-1052) and five on the acidic face (Ile-1097, Leu-1099, Asp-1102, Asp-1103, Glu-1107). In addition to these residues, a protein-protein interaction role for a conserved tryptophan (Trp-1105 in ARF7) in a rice Aux/IAA was recently described (33) . Previous mutagenesis studies of PB1 domains from ARF5, ARF7, and IAA17 as well as other proteins have targeted the conserved lysine and main cluster of OPCA residues (13-16), but have not examined the contribution of other amino acids to PB1-mediated protein interaction.
To determine the contribution of key interface residues to ARF7PB1 interaction, we performed alanine-scanning mutagenesis and assessed protein binding by ITC. Because ARF7PB1 opca displays a disrupted acidic face, we used this variant to query basic face interface residues. Likewise, we used the ARF7PB1 K1042A variant to query acidic face residues. Single alanine substitutions (T1039A, K1042A, G1050A, R1051A, and S1052A) were made to the basic face of ARF7PB1 opca . Similar changes (D1092A, E1094A, D1096A, I1097A, L1099A, D1102A, D1103A, W1105A, and E1107A) were introduced to the acidic face of ARF7PB1 K1042A . We performed ITC experiments by titrating the interface alanine mutant into the cell containing either ARF7PB1 K1042A or ARF7PB1 opca , as appropriate ( Table 3) .
The basic face of ARF7PB1 bears two residues essential for interaction: Lys-1042 and Arg-1051 ( Fig. 3b ; Table 3 ). Substitution of either residue with an alanine completely abrogated interaction between monomers. Amino acid sequence comparison of the 22 Arabidopsis ARF PB1 domains indicates that these two basic residues are invariant ( Fig. 3c ). Mutation of Thr-1039 also severely affects binding with a Ͼ200-fold increase in K d . The G1050A and S1052A mutants displayed only modest (i.e. Ͻ3-fold) effects on the ARF7 PB1 interaction (K d ϭ 0.6 M and 0.4 M, respectively). The residue corresponding to Thr-1039 is either a threonine or serine in ARF proteins with a glycine favored at position 1050.
On the acidic face of the ARF7 PB1 domain, alanine substitutions identify differential contributions by residues of the OPCA motif and a new structural feature for interaction ( Fig.  3d ; Table 3 ). The OPCA motif is invariant across the Arabidopsis ARF ( Figs. 3e and 4 ). ITC analysis of mutants that disrupt the OPCA motif (D1092A, E1094A, and D1096A) indicates that Asp-1096 provides the largest contribution to binding energy, as the D1096A mutant results in a 35-fold decrease in binding affinity. Although the D1092A mutant displays a 3-fold change in K d , the entropic contribution to binding increases, and the enthalpic contribution decreases. This suggests the possible loss of a hydrogen bond responsible for stabilizing the ␤3-␤4 loop that defines the OPCA motif. Substitution of Glu-1094 with an alanine had minimal effects on the interaction energetics.
In addition to the main cluster of OPCA residues, ITC analysis of ARF7PB1 identifies a distal set of acidic residues (Asp-1102 and Asp-1103) as critical for interaction. Both aspartates are nearly invariant in Arabidopsis ARF PB1 domains (Figs. 3e MAY 15, 2015 • VOLUME 290 • NUMBER 20
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JOURNAL OF BIOLOGICAL CHEMISTRY 12871 and 4) . Unlike experiments with K1042A and R1051A that showed a complete loss of interaction, minor heat signature changes could be detected for the D1102A and D1103A mutants; however, the signal was insufficient for accurate data fitting. Based on this result, the K d values for these mutants likely exceed 100 M. Because Asp-1102 and Asp-1103 interact with Arg-1051, we examined the effect of subtler asparagine mutations of each residue. ITC analysis of the D1102N mutant showed a complete lack of interaction. Mutation of Asp-1103 to asparagine severely reduced interaction with insufficient heat signal changes for accurate quantification, as observed with the alanine substitution. Together these results suggest that the presence of negative charge at both Asp-1102 and -1103 is crucial to ARFPB1 interaction.
Alanine mutations of Ile-1097, Leu-1099, and Glu-1107 resulted in 3-9-fold increases in K d (Fig. 3d ; Table 3 ). In Arabidopsis ARF proteins, position 1097 is variable, but the presence of a leucine and a glutamate at positions 1099 and 1107, respectively, is generally conserved (Figs. 3e and 4) .
Interestingly, substitution of an alanine for Trp-1105, a residue conserved in all but one Arabidopsis ARF ( Figs. 3e and 4) , yielded unstable protein that precipitated upon purification. A previous study identified a mutation of this residue in an intragenic suppressor line bearing an Aux/IAA gain-of-function mutation (33) . Our results indicate that this residue is required for globular stability and is not necessarily a determinant of protein-protein interaction. Overall, these results identify key core and peripheral residues required for stabilization of the interaction of the ARF7 PB1 domain.
NMR Analysis of the ARF7 PB1 Domain Interaction Interface-To validate the ARF7PB1 interaction interface and to determine the effect of partner binding in solution at the amino acid level, we performed NMR chemical shift mapping. To investigate the chemical shift perturbations upon binding, we collected three-dimensional 13 C, 1 H, 15 N spectra and 
TABLE 3 ITC analysis of interface mutations on ARF7 PB1 domain interaction
Titrations were performed at 25°C. ND ϭ heat signature was not detected. assigned the backbone peaks of ARF7PB1 K1042A,opca (Fig. 5 ). Subsequently, we collected two-dimensional 1 H, 15 N HSQC spectra for 15 N-ARF7PB1 K1042A,opca , 15 N-ARF7PB1 K1042A , and 15 N-ARF7PB1 opca . Overlay of these three spectra (Fig. 6 ) revealed that the majority of the peak distribution patterns in ARF7PB1 K1042A,opca were conserved in ARF7PB1 K1042A and ARF7PB1 opca . Therefore, the backbone assignments of ARF7PB1 K1042A,opca (Fig. 6) were qualitatively transferred to both ARF7PB1 K1042A and ARF7PB1 opca . In subsequent NMR titration experiments, 15 N-ARF7PB1 K1042A was mixed with increasing molar ratios of ARFPB1 opca to examine the effects of partner binding on the acidic face. The converse experiments with ARF7PB1 K1042A titrated with 15 N-ARF7PB1 opca were also performed to examine binding at the basic face. Chemical shift perturbations as a result of binding were documented and mapped onto the structure of ARF7PB1 (Fig. 7) . Perturbations were binned into one of three categories: shifts exhibiting slow exchange, intermediate exchange, or fast exchange regimes. For both faces, a mixture of slow and fast exchange predominates at the predicted site of the interface and surrounding the residues previously known to be important for binding (13) (14) (15) as well as new core binding residues discovered in ITC analysis of interface mutants ( Fig. 3 ; Table 3 ). For example, on the basic face, the largest changes were observed in amino acid residues surrounding the essential Lys-1042 and Arg-1051, namely Thr-1041, Val-1043, Gln-1044, Val-1049, and Ile-1053, that displayed slow exchange, whereas Lys-1042 itself, along with Asn-1056, Arg-1057, and Tyr-1058, show peak shifts in a fast exchange regime indicative of smaller conformational changes. Although ITC analysis indicates Lys-1042 and Arg-1051 are essential for binding, the residues surrounding these basic amino acids undergo a relatively larger change in local chemical Table 3 ), as follows: light purple, Ͻ2-fold; yellow, 2-10-fold; orange, Ͼ10-fold. Residues that abolished detectable interactions are red. The structurally important tryptophan is black. environment compared with Lys-1042 itself (Fig. 7, a and b) . Similarly, on the acidic face, residues that drive binding and the amino acids surrounding them are affected upon protein-protein interaction (Fig. 7, c and d) . For example, Asp-1085, Asp-1092, Leu-1099, Gly-1101, Asp-1102, Asp-1103, and Trp-1105 all display slow exchange (Fig. 7, c and d) . Mutation of many of these residues, such as L1099A, D1102A, D1103A, and D1092A, all negatively affected the binding affinity to varying degrees in ITC experiments. A number of surrounding residues also show fast exchange upon binding: Lys-1087, Tyr-1090, Val-1100, Glu-1106, Gln-1113, Lys-1116, and Leu-1118 (Fig. 7,   c and d) . Thus, the chemical shift changes at these locations correspond to crystallographic and thermodynamic analysis of ARF7 PB1 domain interaction. These NMR data are not only consistent with ITC data, but also provide additional information on the PB1 domain interaction interface that suggests the importance of the neighboring residues to the overall binding.
Proteins
DISCUSSION
Recent structural studies begin to shed light on the interaction of ARF and Aux/IAA through their PB1 domains to modulate auxin responses (13) (14) (15) . To date, structural studies establish that the C-terminal III/IV sequence motifs of ARF and Aux/IAA proteins adopt a PB1 domain fold that allows for versatile interactions (i.e. ARF-ARF, Aux/IAA-Aux-IAA, and ARF-Aux/IAA). Moreover, the oriented basic to acidic face interaction of these type I/II PB1 domains has led to a model for protein multimerization in the classic auxin signaling model (13) . Here, we use a combination of ITC and NMR to analyze the energetics and determinants of protein-protein interaction using the ARF7 PB1 domain. Our results indicate that the ARF and Aux/IAA use a core set of conserved residues in the PB1 domain to allow for a two-pronged interaction that drives association of these proteins in auxin responses that control plant growth and development.
Thermodynamic analyses of the ARF7 PB1 domain interaction show compensatory enthalpic and entropic changes generally maintain binding energy across a range of temperatures ( Fig. 1) . As suggested by structural studies showing the oriented positioning of the basic (lysine) and acidic (OPCA) faces of ARF PB1 domains (13-15), the observed changes in enthalpy, esti-FIGURE 5. Backbone assignments of ARF7PB1 K1042A,opca . Backbone peaks were assigned (as described under "Experimental Procedures") for the ARF7PB1 K1042A,opca mutant variant. The two-dimensional 15 N HSQC spectrum of ARF7PB1 K1042A,opca is displayed. Assigned peaks are labeled with residue identity and number according to the three-dimensional data. FIGURE 6. Overlay of two-dimensional HSQC Spectra for ARF7PB1 K1042A , ARF7PB1 opca , and ARF7PB1 K1042A,opca . The two-dimensional 1 H, 15 N HSQC spectra were collected and subsequently overlaid using NMRView (30) for ARF7PB1 K1042A (blue), ARF7PB1 opca (red), and ARF7PB1 K1042A,opca (black). mated heat capacity of the interaction, and the strong salt dependence of binding are consistent with electrostatic forces as the major driving force in the association of the PB1 domains (30, 31) . Structural studies on ARF5, ARF7, and IAA17 PB1 domains also suggest interactions between the invariant lysine and the main cluster of acidic residues in the OPCA motif as the basis for this association (13) (14) (15) ; however, closer examination of protein-protein interface residues reveals a second interaction hot spot focused on a key arginine and the distal cluster of acidic residues.
Across the interaction interface of the ARF7 PB1 domain, 9 of 27 contact residues form either ionic or hydrogen bond interactions (Fig. 3a) . Site-directed mutagenesis and ITC analysis of the ARF7PB1 interaction defines contributions of residues from each side of the interface and suggests a conserved two-pronged model for protein binding (Table 3 and Figs. 3, b-e ). The first prong consists of the canonical lysine (Lys-1042) to the first cluster of acidic residues, e.g. Asp-1092, Glu-1094, and Asp-1096-in the OPCA motif observed in all PB1 domains (16) . In the ARF7PB1 interaction, the invariant lysine is critical, and the energetic contribution of Asp-1096 dominates the main OPCA cluster, with Asp-1092 providing the least binding energy. The effects of mutations to Arg-1051 on the basic face and Asp-1102 and Asp-1103 on the OPCA face of ARF7PB1 reveal a previously undescribed role for these amino acids in providing a second prong that contributes to electrostatic interactions. Mutations of these residues led to either a loss of protein interaction (R1051A, D1102N) or a major disruption of binding (D1102A, D1103A, D1103N) . The conservation of residues in both prongs expands the core recognition features for FIGURE 7 . Effects of ARF7 PB1 domain interaction on NMR peak shifts. a, the results of titrating unlabeled ARF7PB1 K1042A into 15 N-ARF7PB1 opca are mapped onto a ribbon diagram of the ARF7 PB1 domain. Residues shaded red, yellow, and orange participate in slow, intermediate, and fast exchange, respectively. b, two-dimensional 1 H, 15 N HSQC spectra show chemical shift data for the titration of unlabeled ARF7PB1 K1042A into 15 N-labeled ARF7PB1 opca . Molar ratios of unlabeled ARF7PB1 K1042A : 15 N-ARF7PB1 opca are indicated by black (0:1), blue (1:1), green (2:1), and red (3:1) colors. Peaks that move upon titration are labeled with a residue number as well as an arrow displaying the direction of peak movement (fast exchange). Peaks that disappear upon titration are labeled with a residue number (slow exchange). Peaks that broaden upon titration (intermediate exchange) are labeled with a residue number and an asterisk ( ‡). New peaks that appear after titration and cannot be assigned to a residue are labeled with an *. These peaks correspond to the bound state for those residues that are in slow exchange. c, the results of titrating labeled ARF7PB1 opca into 15 N-ARF7PB1 K1042A are mapped onto a ribbon diagram of the ARF7 PB1 domain. Residues shaded red and orange participate in slow and fast exchange, respectively. d, two-dimensional 1 H, 15 N HSQC spectra show titration chemical shift data for the titration of unlabeled ARF7PB1 opca into 15 N-ARF7PB1 K1042A . Molar ratios of unlabeled ARF7PB1 opca : 15 N-ARF7PB1 K1042A are indicated by black (0:1), blue (1:1), green (2:1), and red (3:1) colors. Labels and symbols are as in panel b. MAY 15, 2015 • VOLUME 290 • NUMBER 20
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ARF PB1 domain interaction beyond the invariant lysine and main OPCA cluster.
Mutagenesis of interface residues in ARF7PB1 defines interaction hot spots for this domain. As described for multiple protein-protein interaction hot spots (31, 34, 35) , the ARF PB1 domain interface contains extensive contact residues but only a handful of energetically significant amino acids required for binding. For example, most mutations in residues outside the two electrostatic prongs (Thr-1039, Gly-1050, Ser-1052, Ile-1097, Leu-1099, and Glu-1107) result in only modest changes in binding affinity (Table 3 and Figs. 3, b-e ). Trp-1105 appears to have a structural role and not a direct interaction contribution. Interestingly, mutation of Thr-1039 leads to a 200-fold decrease in binding affinity and altered energetic contributions from enthalpy and entropy, which suggests localized structural changes (36) . The conservation of the residue in this position as either a threonine or serine in the Arabidopsis ARF PB1 domains (Figs. 3c and 4) is intriguing because this position is a putative phosphorylation site. Recent work suggests that phosphorylation of the basic face of PB1 domains may be a means of regulating protein-protein interaction by disrupting electrostatic complementarity (37) . Because of the critical nature of Thr-1039 for ARF7PB1 interaction, modification of this residue may limit multimerization and/or regulate protein-protein interaction in planta.
Although x-ray crystal structures provide a static model for ARF7PB1 interaction, NMR analysis complements the thermodynamic and mutagenesis studies by providing insight into the localized structural changes that occur during PB1 domain association (Fig. 7) . Interaction of ARF7PB1 requires two key positively charged residues on the basic face (i.e. Lys-1042 and Arg-1051) that anchor two distinct clusters of acidic residues (i.e. Asp-1092/Glu-1094/Asp-1096 and Asp-1102/Asp-1103).
Chemical shift data for ARF7PB1 show interactions across both faces of the domain; however, the acidic face displays a greater degree of intermediate exchange (Fig. 7a, yellow) . Mapping of the chemical shift data to the three-dimensional structure of ARF7PB1 indicates that the basic face is conformation-ally less labile than the acidic face. These data also indicate localized structural changes are concentrated around the loop regions between ␤3-␤4 and ␤4-␣2 on the acidic face, whereas the basic face binding contributors are generally localized around Lys-1042 and Arg-1051 on ␤1, ␤2, and the intermediate loop region. Taken together, these results suggest that the basic face of ARF7 PB1 provides nucleated positive charge required for interaction. The acidic face of ARF7 PB1 provides a larger patch of negative charges that stabilize the interaction around the two main positive charges on the basic face. Furthermore, the basic face of the protein is much more structured, whereas the predicted interaction residues on the acidic face occur more on loops and regions that were disordered in the x-ray structure (13) . NMR data also suggest considerable conformational changes on both the acidic and basic faces experienced by the residues other than the residues identified as essential by ITC experiments. This behavior may suggest local packing interactions that prevail on each subunit upon initial interaction are likely to be important in overall complex formation and stabilization. Overall, these data are consistent with a mode of binding where the interaction of the structured basic face is paired with the organization of the less structured acidic face to stabilize and lock in the two-pronged interaction.
Amino acid sequence homology among the 22 Arabidopsis ARF proteins indicates that the two-prong interaction model of ARF7PB1 and the energetic contribution of key interface residues are also likely conserved ( Figs. 5 and 8 ). Extension of this sequence analysis to include the 34 Arabidopsis Aux/IAA shows that residues forming the two-pronged electrostatic hot spot are also maintained in these proteins ( Figs. 4 and 8) . Comparison of the basic and acidic faces of the ARF7 (13) and IAA17 (15) PB1 domains reveals core recognition features and regions around the electrostatic prongs that co-vary between the ARF and Aux/IAA.
On the basic face of both the ARF (Fig. 8a) and Aux/IAA (Fig.  8b) families, the critical lysine and arginine of the basic face are invariant in 50 of the 51 Arabidopsis ARF and Aux/IAA proteins (Fig. 8c) . Only IAA33 substitutes a threonine and a gluta- mine, respectively, for these basic residues (Fig. 4) . Other surface contact residues highly conserved in the basic faces of the ARF and Aux/IAA PB1 domains correspond to Val-1043, a methionine corresponding to Lys-1045, Gly-1047, and Asp-1054. Co-variation occurs with the residue corresponding to Thr-1039 of ARF7PB1, which is generally either a threonine or serine in ARFs, but is variable in the Aux/IAA family. Similarly, the ARF PB1 domains favor a glycine at position 1050, which is either a glycine or leucine in the Aux/IAA family, and a threonine at position 1041, which is usually a valine in Aux/IAA proteins. The OPCA motif is found in all ARF and Aux/IAA (Fig. 8f ) proteins with either glutamate or aspartate occurring in the second acidic position. In the aspartate motif of the second prong, the first aspartate is nearly invariant with an acidic residue in the second position found in ARF PB1 domains; this position is generally a valine in the Aux/IAA PB1 domains (Fig. 8f) . Residues corresponding to Leu-1098, Leu-1099, Val-1100, Gly-1101, Pro-1104, Trp-1105, and Phe-1108 are conserved across the ARF and Aux/IAA families ( Fig. 8, d-f ). In ARFs, position 1097 is variable but is a highly conserved tryptophan in Aux/IAA proteins. The residue corresponding to Glu-1107 is maintained in ARFs but is a methionine in most Aux/IAAs.
The structurally conserved two-pronged recognition feature in the ARF and Aux/IAA PB1 domains appears to provide the electrostatic energy that allows for the biologically versatile interaction of ARF-ARF, Aux/IAA-Aux/IAA, and ARF-Aux/IAA in the auxin response of plants. Surrounding this core set of interactions, residues that co-vary between ARF and Aux/IAA proteins likely provide additional complementary contacts that further tune protein interaction. For example, recent studies indicate that binding of the ARF5 and IAA17 PB1 domains (K d ϭ 0.07 M) is 8-fold more favorable than self-interaction of the ARF5 PB1 domains (K d ϭ 0.87 M) and 90-fold tighter than interaction between IAA17 PB1 domains (K d ϭ 6.6 M) (16) . Modest changes in the contact surfaces of the ARF and Aux/IAA PB1 domains could easily lead to favorable energetics of interaction between cognate pairs of proteins (38) . Distinguishing between structural elements that drive PB1 domain recognition, contact regions that co-vary between ARF and Aux/ IAA PB1 domains, and additional changes that fine-tune ARF and Aux/IAA interactions are a critical step toward understanding the complicated network of ARF and Aux/ IAA that regulate multiple components in auxin-regulated plant growth.
The systematic analysis of key residues in the ARF7 PB1 interface described herein reveals a new feature missed in the structural studies and leads to a fuller understanding of this molecular and cellular process. With regard to the larger biological system of auxin responses, how specific ARF and Aux/ IAA proteins interact remains to be understood. The combined structural, functional, and sequence analysis presented here establishes the core determinants of protein-protein interaction in this system but also points to residues that co-vary and may contribute to interaction specificity in the ARF and Aux/ IAA network, which leads to biological outcomes. Ultimately, the new molecular insights inform future inquiry into this system using in vitro and in vivo approaches.
